The pion-mass dependence of the nucleon mass within the covariant SU (2) baryon chiral perturbation theory both without and with explicit ∆ (1232) degrees of freedom up to order p 4 is investigated. By fitting to a comprehensive set of lattice QCD data in 2 and 2+1 flavors from several collaborations, for pion masses Mπ < 420 MeV, we obtain low energy constants of natural size and compatible with pion nucleon scattering data. Our results are consistent with the rather linear pion-mass dependence showed by lattice QCD. In the 2 flavor case we have also performed simultaneous fits to nucleon mass and σπN data. As a result of our analysis, which encompasses the study of finite volume corrections and discretization effects, we report a value of σπN = 41(5)(4) MeV in the 2 flavor case and σπN = 52(3)(8) MeV for 2+1 flavors, where the inclusion of the ∆ (1232) resonance changes the results by around 9 MeV. In the 2 flavor case we are able to set independently the scale for lQCD data, given by a Sommer scale of r0 = 0.493(23) fm.
for a better determination of the disconnected contribution [52] .
Several collaborations have pursued lQCD simulations of the masses and σ πN using N f = 2+1 configurations [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . The extrapolation to the physical point allows to determine σ πN together with other sigma terms and strangeness content of baryons. The difficulties encountered in HBχPT [58, 65] to accomplish this program were overcome applying cut-off regularization schemes [66, 67] , using covariant formalisms up to O(p 3 ) [68] [69] [70] and O(p 4 ) [71] [72] [73] [74] [75] , or complementing HBχPT with an expansion in the inverse number of colors (large-N C ) [74, 76, 77] . Although SU (3)-flavor calculations have reached a considerable degree of maturity, the large number of unknown LECs at O(p 4 ) and the size of the current lQCD data set limits, at present, on the accuracy attainable in the sigma terms.
Alternatively, SU (2) BχPT can be used to perform extrapolations of M N and σ πN in the light-quark masses with the implicit assumption that the influence of the strange quark is embedded in the LECs and that its mass in the simulations is close enough to the physical one. The chiral expansion is expected to converge faster than in SU (3) BχPT and the different LECs appearing at O(p 4 ) can be independently determined using πN scattering. On the other hand, in comparison with the N f = 2 simulations in which the strange quark is quenched, the extrapolated quantities from N f = 2 + 1 should be closer to those in the physical world. Analyses of N f = 2 + 1 simulations with SU (2)-HBχPT ansatzes at O(p 3 ) and without ∆(1232) have become standard [65, 78, 79] . In particular, with HBχPT up to O(p 4 ) it was found that σ πN = 84 ± 17 ± 20 MeV with explicit inclusion of the ∆ resonance, and σ πN = 42 ± 14 ± 9 MeV without it [78] . While the inclusion of the ∆ had little impact on the value of nucleon mass in the chiral limit, the central value of the sigma term changed by a factor of 2. It was also pointed out that the lattice data exhibited a surprisingly linear dependence on M π , a feature also shown by other lQCD data [58] . The importance of the ∆(1232) in extrapolations of lQCD data on M N has also been recently stressed in an analysis combining BχPT and the large-N c expansion. [80] . Finally, a different strategy was adopted in Ref. [31] , according to which the LECs in SU (2) BχPT up to O(p 4 ) were determined in simultaneous fits to πN scattering data and lQCD results. Here we present our study of the pion mass dependence of the nucleon mass in covariant SU (2) BχPT up to O(p 4 ), using the EOMS scheme with explicit inclusion of ∆(1232) intermediate states. We perform global fits to recent determinations of M N in lQCD simulations with N f = 2 and N f = 2 + 1 dynamical quarks, taking into account finite lattice-volume corrections. By extrapolating the fits we determine the nucleon mass in the chiral limit and the pion-nucleon sigma term, paying attention to the different sources of systematic errors: the extrapolation to the continuum of lQCD data with finite lattice spacing, normalization errors, the uncertainties in the LECs fixed in the fits and the range of applicability of the chiral expansion. The article is organized as follows. In Sec. II we describe the formalism, derive the formula for the nucleon mass and discuss the origin of the different coupling constants and LECs that are constrained in the fits. Finite volume corrections and continuum extrapolations are also discussed. The fit strategies and the results are presented in Sec. III. We conclude and summarize our work in Sec. IV. Further details about the calculation can be found in the Appendices.
II. NUCLEON MASS IN THE BχPT
Our aim is to study the pion mass (M π ) dependence of the nucleon mass (M N ) and obtain the value of the σ πN -term by means of the HF theorem. For this we employ the O p 4 covariant SU (2) BχPT with and without explicit ∆-isobar degrees of freedom, ∆BχPT and / ∆BχPT. The resulting function M N (M π ) depends on several LECs whose values we fix by fitting lQCD nucleon mass data for unphysical quark-masses. The required ingredients are established in this Section. We derive the perturbative nucleon mass and show the explicit fit formulas together with a discussion of lQCD discretization effects.
To define the nucleon mass in terms of an expansion in the light scales m 2 π ≡ 2Bm, p and ∆ ≡ M ∆ − M N , we have to choose a counting scheme 2 . If ∆-isobars appear explicitly, the common assumptions are the small-scale expansion [32, 33] that counts ∆ ∼ p ∼ m π and the δ − counting [34] , which takes ∆ ∼ p 1/2 to preserve the hierarchy p ∼ m π ≪ ∆. As the latter is not the case for most of the lQCD simulations, we adopt the small-scale counting. The order n of a self-energy contribution is then defined by
for a graph with L loops, N π internal pions, N N internal nucleons, N ∆ internal ∆-isobars and V k vertices from a L (k)
Lagrangian. In Fig. 1 we collect all one-particle irreducible diagrams that fulfill, after a suitable renormalization, Eq.
2 The constant B is proportional to the chiral quark condensate. 
πN ∆ Lagrangian [30] . It was shown in Ref. [81] for the HBχPT case that these couplings are redundant and can be absorbed in the LECs of L (2) πN and L (1) πN ∆ . The HBχPT expressions are the leading order contributions to covariant BχPT results which implies that these two diagrams start to contribute at O p 5 . We do not include them in our O p 4 calculation. Additionally, the πN scattering analysis [30] performed explicitly fits with and without these terms and found strong arguments to support that these redundancies also carry over to the covariant case.
To calculate the remaining diagrams we apply the EOMS renormalization-scheme [24, 25] which uses the analyticity of the power-counting breaking terms to overcome the power-counting problem found in [3] . Explicitly, we calculate these diagrams in the dimensional regularization for D = 4 − 2ǫ dimensions and renormalize terms proportional to L = − 1 ε + γ E − ln 4π (M S-scheme) . Subsequently, we renormalize the appearing LECs in such a way that power-counting breaking terms are canceled.
A. Nucleon self-energy and the perturbative nucleon mass
The nucleon physical mass M N is defined by the pole position at / p = M N of its full propagator
where Σ (/ p) and M 0 are the nucleon self-energy and the (chiral limit) bare mass. In order to define a perturbative nucleon mass, we expand Σ (/ p) around / p = M 0 :
and write the propagator as
Equation (7) defines now the nucleon mass by the pole at
together with its residue
Using the BχPT self-energies up to order p 4 of App. B gives: After fixing f π0 and g A0 , we discuss our treatment of the remaining eight LECs, c 1 , c 2 , c 3 , M 0 , α, M ∆0 , h A0 , and c 1∆ . Generally, our fits depend very mildly on variations in c 2 , c 3 , M ∆0 and h A . Furthermore, we observe that changes in c 1∆ are compensated by changes in α. Our strategy is, therefore, to fit M 0 , c 1 and α while keeping c 2 , c 3 , M ∆0 , h A and c 1∆ fixed. The nucleon-related LECs c 2 and c 3 are taken from the πN -scattering analysis of Ref. [38] , performed with the same BχPT framework employed here. More specifically, we take as central values the average of the results of fits to the phase shifts from the Karlsruhe-Helsinki group (KA85) and the George Washington University group (WI08), accepting errors defined by their uncertainties and also by the result of the fit to Matsinos phase shifts (EM06) (see Tables 1 and 2 of Ref. [30] ) 3 . The specific figures for both the / ∆-BχPT and ∆-BχPT cases are given in Table I .
In order to fix the ∆-related LECs, M ∆0 , c 1∆ and h A , we consider the pion-mass dependence of the ∆-isobar mass.
where the loop contributions Σ ∆N 3 and Σ ∆∆3 stand for diagrams like Σ N 3 and Σ N ∆3 in Fig 1 but [53, 54, 83] mass to determine the remaining two LECs M ∆0 and c 1∆ . As the available lattice results are rather scattered, we do not perform a rigorous fit to them but, instead, adopt the conservative attitude of setting a band that englobes all the lQCD points with their errorbars (see Fig. 2 ). The central values for the parameters result from the average of those defining the band's boundaries and are listed in Table I .
We now turn to two discretization artifacts: finite volume (FV) and finite spacing effects, appearing in lQCD studies, as a consequence of the finite grid with volume L 3 and spacing a in which simulations are performed. All loop graphs of Fig. 1 are subject to FV corrections. We calculate them in App. B 3 applying the standard techniques of Ref. [44] . The FV corrections to Σ N 3 and Σ T 4 are equivalent to those in Ref. [44] . In addition, we correct the combination Σ N 4 + Σ c2 Σ ′ N 3 , the ∆-isobar graphs Σ N ∆3 , Σ N ∆4 and Σ C2 Σ ′ N ∆3 which contribute at order p 4 in the continuum [24, 25] in the EOMS renormalization scheme. Reference [44] employs IR, for which the combination of Σ N 4 + Σ c2 Σ ′ N 3 appears only at order p 5 . Our FV corrections are therefore:
All these terms are given in App. B 3. In Fig. 3 we test our FV correction against lQCD data with approximately the same pion mass but different L. We found four points from the QCDSF Collaboration [49] , four points from the NPLQCD Collaboration [62] and two points from the ETM Collaboration [84] at pion masses approximately of 265, 300, 390 and 440 MeV, respectively. Reasonable values of the LECs M 0 = 890 MeV and c 1 = c 1∆ = −0.9 GeV −1 have been chosen for this exercise. We observe that our FV corrections describe very well the L dependence for lattice sizes larger than ∼ 2.2 fm and that they have a size of up to 45 MeV. In our fits we shall include only data points with LM π > 3.8 for all of which L > 2.2 fm.
In general, we will use lQCD data that are not extrapolated to the continuum limit a → 0. Originally, discretized QCD actions break chiral symmetry even in the chiral limit by terms proportional to a [85] [86] [87] but modern lattice Green squares are from [53, 54] , black right-triangles are quenched data from [83] and red diamonds are unquenched data from [83] . The blue circle is the physical point. The band defines the uncertainty range adopted (see the text) while the blue line is the preferred result. [49] (triangles), [62] (red diamonds) and [84] (squares) with approximately the same pion masses are also displayed. We normalize each curve to the point with the largest volume and shifted them by multiples of 50 MeV to avoid overlaps. At L = 4.0 fm ∆MN ≈ 0 for all curves.
calculations use O (a) improved actions for which discretization effects in baryon masses start at order a 2 . However, there exists a whole variety of lQCD-actions, each with its own discretization effects. For the specific Symanzik lQCD action an effective field theory investigation has been performed in Ref. [88] on a HBχPT basis but a general approach, similar to the treatment of FV corrections, does not exist. Therefore, we parametrize this effect for each action individually by writing the nucleon mass in an a -expansion to the lowest order as
with an action-specific constant c a . By using the ETMC points at M π = 260 and 262 MeV, and QCDSF points at r 0 M π = 0.658 and 0.660 [49, 84] we can roughly estimate the size of this effect. By taking the linear a 2 -extrapolation of Eq. (24) we obtain c ET MC = 0.17 GeV 3 and c QCDSF = 0.33 GeV 3 , which correspond to nucleon-mass shifts of 10 − 50 MeV. We obtain that lattice spacing corrections can have similar sizes to the FV ones. Therefore, we incorporate this effect in specific fits by including the c a a 2 term in the χ 2 for each collaboration/action reporting results for different values of a.
III. RESULTS
We study the pion mass dependence of the nucleon mass by using the covariant BχPT expression of Eqs. (13) and (18), which is accurate up to the chiral order p 4 and includes explicit ∆-isobar degrees of freedom. We perform global fits to lQCD ensembles for N f = 2 and N f = 2 + 1 numbers of flavors. Generally, lQCD uses a discretized QCD-action to simulate the quark-gluon interaction in a finite box of size L 3 × T with finite spatial and time spacings of a and a t . The nucleon mass data are given in terms of the dimensionless quantities aM π and aM N with uncertainties in a, aM π and aM N . An actual value of a sets the overall scale to convert the lQCD data into physical units. No universal scalesetting method exists and different collaborations use different approaches. Furthermore, the statistical uncertainty in a turns into a normalization uncertainty in M N for data points belonging to the same a-set. It is therefore preferable to fit the (aM π , aM N ) data directly whenever this is possible or, otherwise, to include these correlated uncertainties in the fit. As explained below, we are able to perform the former in the case of the N f = 2 ensembles and rely on the latter for the N f = 2 + 1 ones. We also include FV corrections and lattice spacing effects as described in the previous section. We fit the LECs M 0 , c 1 and α while keeping c 2 , c 3 , c 1∆ , h A and M ∆0 fixed to the values listed in Tab. I. Afterwards, we quantify the effect of varying the fixed LECs within their ranges. The fit uncertainties are determined at a 68% confidence level.
For N f = 2 we include data from the BGR [89] ,ETMC [84] , Mainz [90] and QCDSF [49] collaborations, and for N f = 2 + 1 from the BMW [60] , HSC [59] , LHPC [91] , MILC [92] , NPLQCD [62] , PACS [57] and RBCUK-QCD [64] collaborations. In both cases we extract the LECs and obtain the σ πN value by using the HF theorem.
A. Nucleon mass up to order O p 4 : fits to N f = 2 lattice QCD data
We use Eq. (18) to fit the lQCD data for the N f = 2 ensembles of the BGR, ETMC, Mainz and QCDSF collaborations [49, 84, 89, 90] . The lQCD data are given in terms of the dimensionless products aM π and aM N where the scale is fixed in different ways: with the experimental Ω − mass in Ref. [90] and with HBχPT or IR-χPT chiral extrapolations of M N in Refs. [49, 84] . The available information for these data sets is such that we can perform our own scale setting. By doing this we compensate for the different scales of the various sets and avoid manipulating them with two different BχPT versions.
Explicitly, we fit the lQCD data in terms of (r 0 M π , r 0 M N ) by using the Sommer-scale r 0 [93] and the ratios r 0 /a in the chiral limit, as reported by each Collaboration. The uncertainties in aM π , aM N and r 0 /a are assumed to be uncorrelated. The value of r 0 is a priori unknown and we determine it recursively inside the fit. This is the same strategy used in Ref. [49] , now employed to analyze N f = 2 data globally. The χ 2 function that we minimize is
with
where
π , L are the lQCD data points with uncertainties σ i , each of them generated in a lattice of size L and spacing a. The continuum expressions M 
π , L for the chiral-order n are listed in App. B 4. As discussed above, the termsc aã 2 = r 3 0 c a (a/r 0 ) 2 parametrize discretization effects, with c a being common constants for points obtained by the same lQCD Collaboration/action. The Sommer-scale is calculated in each minimization step recursively using the constraint imposed by the experimental value of the nucleon mass at the physical point:
The explicit fit parameters in Eq. (25) are M 0 , c 1 , α and two c a constants, one for the ETMC Collaboration and one for both Mainz and QCDSF which employ the same action. The single data point of BGR does not allow to perform any lattice spacing correction. As the termc aã 2 does not stand on the same firm ground, from the perspective of effective field theory, as the rest of our mass formula, we perform fit with and without it and treat the differences as systematic errors. We restrict the data sets by imposing the following conditions: r 0 M π < 1.11, M π L > 3.8, which englobe points of M π < (429, 476) MeV for Sommer-scale values in the range r 0 = (0.51, 0.46) fm. We then consider the following data sets
• BGR [89] : A Sommer-scale of r 0 = 0.48 fm is assumed and three data points are provided, only one below r 0 M N = 1.11.
• ETMC [84] : Eleven data points are provided in the form (aM π , aM N ); for each setting a value of r 0 /a is computed. After converting (aM π , aM N ) into (r 0 M π , r 0 M N ) we find that seven data points fulfill our conditions and enter the fit.
• Mainz [90] : Eleven data points are provided in the form (aM π , aM N ). The lattice spacings as well as the ratios r 0 /a are determined by the Ω − mass [94, 95] . We convert (aM π , aM N ) to (r 0 M π , r 0 M N ) and six data points enter the fit.
• QCDSF [49] : This work provides 27 data points, directly in terms of (r 0 M π , r 0 M N ), but only two of them fulfill our restrictions. In addition, there is a single data point for the σ πN obtained by direct determination at M π ∼ 285 MeV [51] .
We study the following variations of the fits: [49, 84, 89, 90] . The '∆' index denotes the inclusion of explicit ∆-isobar (∆BχPT), while its omission corresponds to / ∆BχPT; FV corrections are included but finite-spacing effects are excluded. The left-panel results come from a fit of solely nucleon-mass data while in the right panel the σπN point at Mπ = 285 MeV of Ref [51] was also taken into account. Figure 4 : Fits to the N f = 2 nucleon mass data of Refs. [49, 84, 89, 90] . Filled (open) symbols are for data points included in (excluded from) the fits. The left (right) picture shows fits without (with) explicit ∆-isobar. The fit including the σπN (285 MeV) of Ref. [51] is given by the blue solid line while the plain nucleon mass fit is given by the green dashed one. The dark blue and light green shaded regions represent the corresponding statistical uncertainties. The lQCD data are scaled by r0 and FV corrected according to the simultaneous fit. Hence, the green dashed line does not correspond to the shown data points.
without ( /
∆BχPT) and with (∆BχPT) ∆-isobar 3. including and excluding the single direct σ πN measurement of Ref. [51] 4. without and with lattice spacing corrections (c a a 2 term) Table I Finite volume corrections are always included. The output of our fits for cases 1-3, with the LECs fixed to the values in Table I and without lattice-spacing corrections are presented in Table II and Fig. 4 . Bear in mind that changes in the fit conditions 1 and 2 yield different r 0 (see Table II ) so lQCD data are scaled differently. From Table II we observe that the inclusion of O(p 4 ) does not lead to a better description of present nucleon mass data than the O(p 3 ) one. However, for fits including the σ πN (285) point, a good χ 2 /dof emerges only at O(p 4 ). In this situation, ∆BχPT gives a slightly better χ 2 /dof than / ∆BχPT but both approaches give the same σ πN value. The overall rather high χ 2 /dof is caused by two points from the Mainz Collaboration. By excluding them we obtain χ 2 /dof ∼ 1.6 but the results change only within the quoted uncertainties. The FV corrections shift the data points by (−6) − (−50) MeV. In contrast to the / ∆BχPT case, the ∆BχPT p 4 -results are not significantly altered by the inclusion of σ πN (285) in the fits and exhibit a softer M π dependence. This might be interpreted as an indication that the theory with explicit ∆(1232) is more realistic. Figure 5 shows the relative contributions, |p 3 /p 2 | and |p 4 /p 3 |, of different chiral orders to the nucleon mass for fits including σ πN (285). One observes that the O(p 4 ) term has a relatively small contribution over a large M π range. The same is true for the / ∆BχPT O(p 3 ) term. In the ∆BχPT case, however, the relative impact of the O(p 3 ) contribution [51] (red diamond). The dark blue and light green shaded areas represent the corresponding uncertainties. The red square is our final result at the physical point. steadily rises, becoming more than 80% of the p 2 one at M π > 450 MeV. From this we deduce that M π ∼ 450 MeV is at the upper border of the ∆BχPT applicability. We have also performed fits with relaxed conditions LM π ≥ 3.5 and r 0 M π ≤ 1.00 which, however, yield equivalent results to those already presented in Table II . The present data do not allow us to go below r 0 M π ≤ 1.00.
variations of the input LECs according to the errors quoted in
In Table III we summarize our results including finite-lattice spacing corrections in the fit, namely the c E a 2 and c MQ a 2 terms for ETMC and Mainz/QCDSF respectively. We obtain corrections of (+6) − (+20) MeV, which have an opposite sign with respect to the FV corrections. By comparing to Table II we notice that all changes are within the already given uncertainties. A noticeable qualitative effect is that changes in the Sommer-scale counterbalance finite-lattice spacing corrections so that the results are close to the former ones. A more elaborated EFT background is required to calculate and interpret finite-lattice spacing corrections more reliably.
We have tested the fits for variations of c 2 , c 3 within the errors given in Table I . In all cases the results are compatible within uncertainties with those of Table II . We conclude that the p 4 BχPT fits are not able to constrain these LECs effectively.
Furthermore, by varying c 1∆ we find it to be correlated with α. The inclusion of c 1∆ as a free parameter does not produce sensible fits unless the σ πN (285) point is taken into account. The fit is driven to unreasonable high c 1∆ with rather large α values. However, in fits including the σ πN (285) point we recover c 1∆ = −0.87 (16) GeV −1 together with results compatible with those in Table II . A scan over a range of c 1∆ shows that reasonable fits can only be obtained for the interval c 1∆ = (−0.8) − (−1.0) GeV −1 , resulting in σ πN values in the range 37-45 MeV. We observe that the correlation between c 1∆ and α is relaxed by the addition of the σ πN (285) point.
As a final σ πN -value for the N f = 2 lQCD fits we quote σ πN = 41 (5) (4) MeV, which corresponds to our p 4 / ∆ and ∆BχPT fits of Table II including σ πN (285) and FV corrections. The first uncertainty is statistical and can be taken, as a first approximation, to be 3 MeV, which is the largest error from the fits under consideration. However, one should note that we obtain χ 2 /d.o.f. > 1, that we interpret as an indication of underestimated uncertainties in the data. To correct for this, we repeat the fits multiplying the statistical errors of all points by χ 2 /d.o.f., in analogy to the procedure adopted by the Particle Data Group [96] for unconstrained averages. The new error of 5 MeV is the largest one, corresponding to the / ∆BχPT case. The systematic uncertainty, second figure, is determined by adding in quadratures the variation induced by changes in c 1∆ in the range given above to the finite spacing effects (Table III) . In an attempt to identify any additional bias in the data samples, we have performed new fits using the delete-1 jackknife technique. The resulting fit values and errors did not differ significantly from the quoted ones. Note that the single σ πN (285) measurement has a strong influence on our N f = 2 result. Indeed by excluding this point and averaging over the ∆BχPT and / ∆BχPT results we get a σ πN = 52 (13) (11) MeV, albeit with large errorbars. In view of this, new direct σ πN measurements at low pion masses will be important to establish the actual value of this quantity. Figure 6 summarizes our results for the pion mass dependence of the σ πN -term. The results for the ∆BχPT and / ∆BχPT fits are compatible within errors but exhibit a different M π dependence.
For our final values of the LECs M 0 , c 1 and α we quote those of the p 4 -∆BχPT fit of Tab. II including σ(285). In particular, in the present work we set the Sommer-scale to r 0 = 0.493 (23) [64] . The selected data have already been corrected to the physical strange quark mass (BMW) or come from configurations for which the strange quark mass (in the M S scheme at 2 GeV) has been reported to be close enough to the physical limit, to make the corresponding correction negligible 4 . The approach of the QCDSF-UKQCD collaboration [61, 63] is conceptually different as it generates points along the SU (3) singlet line, 2m + m s = const. Therefore in these simulations both the light and strange quark masses remain unphysical, making our SU (2) approach not applicable.
Most of the data are provided in terms of (aM π , aM N ), together with the individual lattice spacings a and the statistical uncertainties for all the three quantities. Unlike the N f = 2 case, the available information does not allow us to perform our own scale setting. Therefore, we treat the a-uncertainties as correlated normalization errors for all M N points from the same set. Our treatment of normalization uncertainties follows from Ref. [98] . We perform three types of fits: 1) neglecting correlated normalization errors, 2) including the normalization error in scale factors f i , 3) including the normalization uncertainty in a correlation matrix V . For the case 3) we also consider lattice spacing effects. The χ 2 functions for type 2 and 3 fits read
π , L are the BχPT continuum and finite volume expressions given in App. B 4;
π , L are the lQCD data, each point for a given lattice size L and spacing a. We denote the statistical uncertainty for M N coming from aM N as σ i and the normalization uncertainty coming from a as σ fi . Case 1) is recovered from Eq. (28) by taking all f i = 1 and replacing σ i → σ 2 i + σ 2 fi corresponding to the assumption that σ i and σ fi are uncorrelated errors. In case 2) the f i are additional fit parameters; σ i and σ fi are treated separately. In case 3) σ i and σ fi are incorporated in the correlation matrix V . The BMW collaboration [60] does not provide enough information to disentangle the uncertainties from aM N and a so that we always include this data set with uncorrelated uncertainties.
In our fits, the LECs c 2 , c 3 and c 1∆ are fixed to the values given in Table I . There are two points with M π ∼ 390 MeV from Refs. [59, 62] with very small reported σ i and slightly smaller M N values compared to the neighboring points (see Fig. 7 ). The inclusion of these points shifts the results to lower masses, yielding a slightly worse χ 2 /dof . Although these points were obtained by different NPLQCD and HSC Collaborations, they are not entirely independent because NPLQCD uses the scale of the HSC Collaboration, which actually expresses some concern about the quality 4 Notice that the small strange quark mass found in Ref. [57] , m M S s ∼ 72 MeV, has been attributed to the perturbative approach employed in that paper to relate lattice-and the M S-renormalized values [97] . (1) 870 (2 Table I ; FV effects are included while a 2 effects are excluded. The last two rows correspond to fits of type 1) neglecting correlated normalization errors. The fit of the last row takes into account the two points of Refs. [59, 62] with Mπ ∼ 390 MeV, excluded from the main fits as discussed in the text.
of their lattice-spacing determination. In view of the situation, we exclude these two points from our main results but consider their influence in the systematic uncertainties.
In Table IV we display our results for the fit types 1) and 3). The results obtained with option 2) are similar to those obtained with 3) so we do not show them. The consideration of normalization uncertainties slightly enhances the χ 2 /dof but causes a noticeable reduction of c 1 and σ πN . The quality of the fits in terms of χ 2 /dof is essentially the same for p 3 and p 4 fits. As in the N f = 2 case, we expect the advantage of the p 4 formula to be tangible as soon as direct σ πN -data for low pion masses become available for N f = 2 + 1.
The left panel of Fig. 7 shows the pion mass dependence of our O(p 4 ) nucleon mass results for both / ∆BχPT and ∆BχPT. There is a large overlap of the corresponding error bands, which are addressed below in more detail. By decomposing the fits into their chiral-order relative contributions (right panel of Fig. 7) , we observe a similar situation to the N f = 2 case. Namely, the O(p 4 ) relative contributions are small over a large range of M π but the O(p 3 ) in ∆BχPT increases, making the applicability of our perturbative expression questionable for high M π values. We have checked that a fit constrained to M π < 360 MeV produces results compatible with those of the M π < 415 MeV fit but with larger uncertainties.
The results of the fits taking into account lattice spacing effects are given in Table V . These are considered for data sets with enough points with the same L and different a values. Explicitly, we introduced two terms c M a 2 and c R a 2 for the MILC and RBCUK Collaborations, respectively. In the case of BMW, we assume that lattice spacing uncertainties are included in the errorbars. We find nucleon mass shifts of (−7) − (−46) MeV, which are small but comparable in size with the FV corrections. With this correction, the χ 2 /dof is slightly better and σ πN gets smaller We tested our results for changes by varying c 2 , c 3 and c 1∆ within the errors quoted in Table I . All changes are within the above quoted uncertainties. In particular, changes in c 1∆ are compensated by changes in α and reasonable results are only obtained for the range of c 1∆ = (−0.5) − (−1.3) GeV −1 estimated above. As a final value for σ πN in the N f = 2 + 1 case we give (Table IV) and with (Table V) lattice spacing corrections, all including correlated normalization uncertainties. The first error corresponds to the largest statistical uncertainty of the values under consideration and the second is the largest difference among them.
Further conclusions can be extracted from Fig. 8 where the pion mass dependence of M N and σ πN is shown for various p 4 fit strategies. We can see that the small slope variations in M N (M π ) (left plot) translate into changes in σ πN of less than 10 MeV at the physical point (right plot). One also notices that the uncertainties of the individual lQCD data points (see Fig. V ) tend to be larger than these variations. We do not expect that with more low-M π nucleon mass data points one would be able to reduce the σ πN uncertainty much further, although simulations using one lattice action and different lattice spacings would be very important for a systematic treatment of discretization uncertainties. On the other hand, N f = 2 + 1 direct measurements of σ πN at low M π 300 MeV would probably lead to better constrained fits as it happens for N f = 2, reducing uncertainties significantly.
Another outcome of our analysis is a slight disagreement between the determinations of σ πN using either N f = 2 or 2 + 1 data. The lQCD data available at present do not allow to establish unambiguously the origin of this discrepancy. First of all, it is instructive to compare the ∆BχPT p 4 fits given in Tables II and IV (also shown in Fig. 9 ). The corresponding σ πN values decomposed in their chiral p 2 , p 3 and p 4 contributions are 41 MeV= 62 − 27 + 6 MeV and 49 MeV= 69 − 26 + 6 MeV, respectively. Most of the difference comes from the p 2 term, which is more effectively constrained by data points in the low M π region. New N f = 2 measurements in this region might help to understand the origin of the difference. On the other hand, a closer look to Tables III and V reveals that the N f = 2 and 2 + 1 Figure 9 : Pion mass dependence of the nucleon mass. The blue solid line and blue squares correspond to our fits to N f = 2 + 1 lQCD data. The red-dashed line and red-triangles correspond to our fits to N f = 2 lQCD data including the σπN (285) point. The errorbands for our fit results have been removed for the sake of clarity.
∆BχPT p 4 results become consistent once finite spacing corrections are considered. However, while the differences between / ∆ and ∆BχPT disappear in N f = 2 after the σ πN (285) point is included in the fits, they remain in the N f = 2 + 1 case, where such a direct measurement is not available. Future direct determinations of σ πN at low pion masses for both N f = 2 or 2 + 1 data will be crucial to discriminate between different theoretical descriptions and to establish the value of σ πN at the physical point with high precision. Finally, we cannot exclude that part of the observed discrepancy arises from the different role played by strange quarks in N f = 2 simulations where they are quenched, and in N f = 2 + 1 ones, where they are dynamical and more realistic. In conclusion, we think our analysis exploits the considerable size of the current data set on M N in a way that it is possible to become sensitive to unexpected systematic effects. However, more lQCD data will be required to settle this issue and interpret possible discrepancies of this type.
IV. SUMMARY AND CONCLUSION
We have studied the nucleon mass and the σ πN -term in the SU (2) covariant BχPT up to the chiral order p 4 . We have performed fits, using BχPT with and without explicit ∆-isobar degrees of freedom, to combined lQCD data from various Collaborations for N f = 2 and N f = 2 + 1 numbers of flavors. Special attention has been payed to the different sources of uncertainties in the input data. This study is the first application of the p 4 SU (2) covariant BχPT with the EOMS renormalization scheme and consistent treatment of the ∆-isobar to lQCD data. We have included finite volume corrections and also discussed finite spacing effects. In the N f = 2 case we were able to set the lQCD data normalization via the Sommer-scale r 0 and also performed simultaneous fits to nucleon mass data and one available low M π σ πN data point. In the N f = 2 + 1 case we took into account correlated normalization uncertainties for points belonging to the same data set. In the following we summarize our findings.
• Our formula for the nucleon mass depends on several low energy constants, some of which have been fitted to the lQCD data. Explicitly, the LECs are M 0 , c 1 , c 2 , c 3 , c 1∆ , M ∆0 , g A , f π , h A and α; the latter is a linear combination of several couplings that appear in the chiral Lagrangian at O(p 4 ). We adopted the phenomenological values for g A , f π and h A . Our fits are insensitive to the chosen values of c 2 , c 3 , c 1∆ and M ∆0 so that we are not able to constrain c 2 and c 3 and fix them to phenomenological values extracted from πN -scattering. Furthermore, we observe that c 1∆ and α are correlated, which hinders a better determination of c 1∆ than the range c 1∆ = (−0.5) − (−1.3) GeV −1 based on rather scarce lQCD data for the ∆(1232) mass. The LECs M 0 , c 1 and α are better determined, and their values are listed in Tables II and IV for the N f = 2 and N f = 2 + 1 fits. For the N f = 2 ensembles we were able to extract the Sommer-scale, finding r 0 = 0.493 (23) fm. By performing fits to nucleon mass data alone as well as including a σ πN lQCD data point at M π = 285 MeV from the QCDSF Collaboration we have obtained that the inclusion of the p 4 order improves the quality of the simultaneous fits.
• For both N f = 2 and 2 + 1 ensembles we have investigated the effects coming from finite lattice spacings a and volumes employed in lQCD. We parametrized lattice-spacing effects by linear a 2 terms and applied the standard BχPT FV corrections. We have obtained that both effects yield comparable numerical corrections to the nucleon mass. However, we also found that the simple parametrization of the finite lattice spacing effects does not allow to disentangle it in a quantitative manner from other effects. Fit results with and without finite a 2 -effects are compatible within the statistical uncertainty. In contrast to the a 2 -effects, the FV corrections are much better under control due to the established BχPT techniques for the presently available lQCD volumes.
• We have extracted the σ πN -term for the N f = 2 and N f = 2 + 1 lQCD ensembles obtaining σ πN = 41 (5) (4) MeV and σ πN = 52 (3) (8), respectively. The inclusion of the N f = 2 σ πN data point greatly reduces the σ πN uncertainty as well as brings the two approaches, ∆BχPT and / ∆BχPT, closer. In the case of the N f = 2 + 1 ensembles, where we fitted solely nucleon mass data, the two approaches give σ πN -values that differ by 9 MeV. This is a novel feature with respect to HBχPT fits where the inclusion of the ∆-isobar alters the result by more than 40 MeV [58] . The inclusion of finite lattice spacing correction to the N f = 2 + 1 data tends to reduce σ πN . Furthermore, we want to call the attention to the fact that our result in N f = 2 is only compatible with the experimental determination based on the KA85 πN scattering partial wave analyses of Refs [16, 38] . Our N f = 2 + 1 value is also compatible with the latest determination from the WI08 and EM06 analyses, σ πN = 59 (7), which is phenomenologically favored on the grounds of consistency with πN phenomenology [38] . Finally, this N f = 2 + 1 result would lead, according to the traditional arguments linking sigma terms to the baryon-octet mass splittings [7, 10] , to a large strangeness content in the nucleon. However, the uncertainties in these arguments have been recently revisited [99] with the conclusion that a σ πN of this size is not at odds with, but favored by a negligible strangeness in the nucleon.
• With both the ∆BχPT and / ∆BχPT approaches we obtain consistent descriptions of the pion mass dependence of the nucleon mass, as can be seen in Figs. 8 and 9 . Moreover, for the current lQCD data, all our results are compatible within uncertainties and exhibit only small slope variations. However, these small variations translate into differences in the value of σ πN at the physical point. For the 2 and 2 + 1 flavor ensembles the M π distribution of the data points is different. To further reduce the uncertainty in the σ πN value, lQCD data points with smaller uncertainties and less spread would be required. In the N f = 2 + 1 case a considerable improvement could be achieved with a direct measurement of σ πN for M π < 300 MeV. It will be interesting to see how the N f = 2 and N f = 2 + 1 values for σ πN will change when both data sets become more homogeneous.
where the upper indices denote the chiral order. Explicitly, the individual isospin symmetric Lagrangians in absence of external fields and expanded in pion fields π are: The loop graphs in Fig. 1 are divergent in 4 dimensions and need to be regularized. For that we use the dimensional regularization with D = 4 − 2ǫ dimensions and renormalize contributions proportional to:
For the D-dimensional spin-3/2 propagator we use:
The appearing totally anti-symmetric γ-matrices are:
Appendix B: Self-energy formulas
Nucleon self-energies
For the nucleon mass we need the self-energy expressions corresponding to the Feynman-graphs in Fig. 1 . The contributions listed in increasing chiral order are:
where we keep the / p dependence explicit and a '∆' in the index denotes contributions from loop-internal ∆-isobars. The individual unregularized self-energies read: 
where the self-energies are defined as
with the unregularized expressions 
These contributions are the ∆-isobar versions of the nucleon graphs Σ C2 , Σ N 3 and Σ N ∆3 of Fig. 1 . The Σ C∆2 is the ∆-isobar contact graph and the Σ ∆N 3 and Σ ∆∆3 are p 3 loop with external ∆-isobars and an internal nucleon and ∆-isobar, respectively.
Finite volume corrections to the nucleon self-energies
The loop graphs Σ N 3 , Σ N 4 , Σ T 4 and Σ N ∆3 , Σ N ∆4 of Fig. 1 are subject to finite volume (FV) effects when the nucleon is placed in a discretized box. We calculate these effects by the standard techniques of [44] . In the following we summarize the calculation of the loop-integral with a single propagator and list afterwards all appearing FV corrections for the nucleon mass to order p 4 . For the FV calculation we chose the nucleon rest-frame / p = γ 0 p 0 = γ 0 M N . As a consequence all appearing loop-integrals can be brought into the form of 
where no Lorentz-decomposition has to be used, A and B are given 4-vectors and a a power of the 0th-loop momentum component. The loop-momentum l is now discretized with respect to the box size L by
such that after Wick-rotating and the use of Poisson's formula we get:
where the K ν (x) are modified Bessel-functions of the second kind with F = Lj √ m 2 and j = j x + j y + j z with j i ∈ Z.
To collect our final results we use the notations:
where the arguments of the self-energies distinguish them from their continuum counterparts.
The individual finite volume contributions corresponding to the loop-graphs in Fig. 1 are:
